Objectives: Best practice guidelines recommend that at least two sets of blood cultures (BCs) be sent when blood cultures are required. However, high rates of solitary BCs are still common in the emergency department (ED). The aim of this study was to evaluate the efficacy of different quality improvement initiatives aimed at reducing the rate of solitary blood cultures being sent to the laboratory on patients ultimately discharged from our ED.
1 Proper collection practices are paramount to yield an accurate and interpretable result. This includes sending two sets of cultures from two separate venipuncture sites. 2 Single cultures are discouraged due to decreased yield and the ambiguity of trying to interpret a single result. Single sets being sent to the microbiology laboratory can lead to improper and inefficient patient management. First, drawing less than the current recommended volume of blood (10 mL in each bottle for adults, for a total of 40 mL) significantly deceases the sensitivity of cultures in detecting a significant bacteremia or fungemia, 3 delaying identification and appropriate treatment. Second, with only a single set of cultures (a solitary set), interpretation of growth of common contaminants is less reliable [4] [5] [6] and therefore often mandates obtaining repeat BCs. This creates safety issues for patients and system workflow issues, especially in the outpatient setting where patients must be called back to return for repeat venipuncture or clinical reassessment. The rate of solitary BCs is an important microbiology quality assurance (QA) indicator. 7 Although BC guidelines have been widely available for many years, the adherence is variable. Studies have shown that solitary BC rates still range from 20% to 33% in outpatients. 6 When the reasons for this flawed practice were explored, the most common explanation was healthcare provider knowledge gap. 8 To address this issue, education interventions have been attempted, but their impact led to minimal change in solitary BC rates. 9 This highlights the difficulty in implementing evidence-based knowledge into practice. Beyond educational strategies, other methods for knowledge translation exist, including audit and feedback, reminders and prompts, forcing functions (FFs), or combinations of these mentioned. 10 Each have their pros and cons, depending on the local culture and resources. FFs are processes built into a workflow that necessitates a certain action or outcome. FFs in healthcare are often computer-based. They can be a powerful tool to improve the diffusion of innovations and reduce practice variation. However, it can have a disruptive effect on workflow and cause frustration due to the perceived loss of autonomy.
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With these knowledge translation tools in mind we set forth to implement and evaluate interventions aimed at reducing the rate of solitary BCs being sent from our ED to the laboratory.
METHODS

Study Design
This was a prospective, multistage, multisite quality improvement project to evaluate strategies to reduce the rate of solitary BCs sent to the laboratory from the ED. It was under the purview of our ED Quality Improvement Committee, and this project received formal exemption from the institution's research ethics board due to the continuous performance improvement nature of the initiative. ED 2) . There are also a small number of nurse practitioners (NPs) and physician assistants (PAs). Both sites use the same combined electronic patient record and computerized provider order entry (CPOE; EPR, QuadraMed Corporation).
In our ED, MDs, NPs, and PAs order BCs, and RNs draw them. There is no dedicated phlebotomy or venipuncture team. In addition, RNs operate under medical directives that allow them to draw bloodwork and cultures before physician assessment of the patient in certain clinical scenarios (e.g., febrile and toxicappearing patients, patients with fever and recent chemotherapy, febrile patients with indwelling lines). Once BCs are drawn, they are sent to the laboratory immediately for processing. In our ED, it is not common practice to hold or discard any drawn bloodwork.
Patient Selection
Inclusion criteria for the study were patients over the age of 16 who visited either ED during the period of November 2014 to July 2016, had at least one BC sent to the laboratory, and were subsequently discharged without admission to hospital. Our decision to analyze only discharged patients was to focus on ED-specific workload relating to the difficulty in interpreting solitary BCs. At our institution, follow-up of positive BCs from discharged patients is the responsibility of the ED physician on shift at the time of resulting (as opposed to admitted patients whose results are the responsibility of the admitting service). The followup process mandates contacting the patient for more clinical information and a possible reassessment in the ED.
Needs Assessment and Gap Analysis
Anonymous electronic surveys were completed by our ED physicians and RNs to generate hypotheses as to why solitary BCs were sent. It was composed ACADEMIC EMERGENCY MEDICINE • September 2017, Vol. 24, No. 9 • www.aemj.org of various clinical vignettes and asked questions regarding how they would typically manage BC sampling in these cases (see Data Supplement S1, available as supporting information in the online version of this paper, for survey questions). Results of the surveys demonstrated a knowledge gap in BC sampling that needed to be addressed to improve solitary BCs rates.
Data Collection and Measures
Patients meeting inclusion criteria were identified through a query of our electronic health record database. A "solitary set" was defined as the laboratory receiving only one anaerobic and aerobic BC sample during the particular ED visit.
Our primary outcome was the proportion of patient encounters that had solitary BCs drawn and sent to the microbiology laboratory. We aggregated the data into biweekly rates and into period averages, further discussed in the data analysis section.
Interventions Intervention 1. The senior author of the study (OVP) created a case-based learning session tailored to the specific knowledge gaps identified in our needs assessment. This presentation had didactic and interactive components that reiterated the difficulty of interpreting single culture results and the potential negative consequences of solitary BCs. We gave this presentation at a monthly ED staff meeting and stressed the need for MD, NP, and PA vigilance to ensure that two sets of cultures from two separate sites were ordered and sent. This monthly meeting is for attending physicians, NPs, PAs, ED nursing managers, ED pharmacists, and other allied health leaders. It is also open to any other staff who wish to attend. Typically, we have 60 to 70 attendees per month. After the meeting, the presentation was also disseminated by e-mail to all ED MD, PA, and NP staff.
Concurrently, our nursing educators (one from each site), in collaboration with the authors, designed 15-minute RN in-service education sessions to be carried out throughout the month of March 2015 to ensure that every staff RN in both departments received this session. These sessions reviewed proper BC sampling and handling techniques, particularly the need for two sets. There were also updates put into the RN orientation and procedures manual that stressed the need for two sets of cultures from two separate sites as per hospital nursing policy.
Intervention 2. The second intervention was to introduce a FF into the computerized BC ordering process in the CPOE system. This idea originated at one of our monthly ED QA committee meetings after researching other CPOE systems from different hospitals. Prior to this intervention, the default CPOE setting would produce a single set of labels for BCs (one aerobic and one anaerobic label). To print labels for multiple sets, the RN would have to enter a separate order for each set. The RN would then bring the labels to the patient bedside and draw the blood. The change that we made in the process was an alteration of the default setting on the CPOE system. Now when an RN requested BC labels, two sets of labels would automatically be printed out. This served as a reminder to the RN of the need to draw two sets of BCs and also had the effect of reducing their CPOE workload by a few seconds. However, the nurse still had final control of how many sets were drawn from the patient and sent to the laboratory.
At our institution, the CPOE system is refreshed every 6 weeks. We elicited the help of our information technology specialists to code this into our CPOE. It took approximately 12 weeks from our request submission to implementation (the delay was largely due to the volume of other requests to the system). This intervention went live on January 21, 2016. We also gave a brief educational session, again emphasizing the need for two sets of BCs, only now there was mention of the new label printing system.
Data Analysis
We present the data as an interrupted time series and did our primary analysis using a statistical process control (SPC) chart. In our SPC charts, we demonstrate the period mean, and the upper and lower confidence limits, defined as three standard deviations (SDs) from the mean, which is standard for SPC charts. 12 For further analysis, we utilized a segmented regression analysis as previously described by Wagner et al. 13 using statistical analysis software (Stata 12.0, StataCorp). We chose to use this analytical technique to account for potential natural trends that might be occurring outside of our planned interventions (i.e., a gradual trend changing practices over time). The comparison groups were as follows: the "baseline" group (November 2014 to March 2015), the "posteducation" group (March 2015 to mid-January 2016, which was also pre-FF changes), and the "post-FF" group (mid-January 2016 to July 2016).
For comparing the overall BC rate, contamination rate, and positivity rate, we aggregated the data into the three prespecified time periods and used a chisquare test. We chose to aggregate the data in this manner because the rate of contaminant growth would be very low when divided into biweekly intervals and have too many 0 values. For our analyses, we used the standard alpha value of 0.05.
RESULTS
Our MD needs assessment survey had a response rate of 58% and revealed that 9.8% of physicians would send a single set of BCs on a well-appearing febrile patient. The ED RN survey had a response rate of 34% and revealed that 50% of respondents would draw and send a single set of BCs on a febrile patient, "just in case," to avoid repeat venipuncture. Nearly half would also send a solitary BC on a well-appearing febrile patient.
Visit data, BC ordering rates, rates of positive cultures, and rate of common contaminants for the overall study period are shown in Table 1 . The study period spanned 21 months and 5,023 ambulatory ED patient visits were included in the analysis. Of note, ED 1 had over twice the BC ordering rate as ED 2 (4.74 vs. 1.88 per 100 visits, respectively). The overall BC ordering rates during the study period is shown in Figure 1 . Table 2 demonstrates the aggregate data split over the three phases of our study period, and then it was analyzed with a chi-square test. The posteducation period had a statistically significant lower rate of BC collection compared to the other two periods (p < 0.00001). This could be explained by the fact that there were more summer months represented during this period, which tends to have lower rates of BC. Rates of patients having any positive BC result did not change significantly (p = 0.092). We calculated the rate of growth of common contaminants Figure 1 . The proportion of ambulatory ED visits that were discharged home that had BCs ordered and sent to the laboratory. BCs = blood cultures. Rhodococcus spp.) without determining whether these results represented a true infection. The isolation of common contaminant species remained low and did not change significantly throughout the three phases, both on a per-BC-set basis (p = 0.157) and on a perpatient basis (p = 0.064). Figure 2 summarizes the combined biweekly solitary BC rate through the entire study period and is represented in a SPC chart. Table 3 shows the rates of patients having solitary BCs ordered and sent. The combined rate of solitary cultures was 41.1% at baseline. After the education intervention, the rate of solitary BCs dropped to 30.3%, and introduction of the computerized FF with a brief educational intervention further reduced this rate to 11.6%. Overall, the rate of solitary BCs saw an absolute reduction of 29.5% and 
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Bi-Weekly Data Period Mean UCL (3-sigma) LCL (3-sigma) Figure 2 . Statistical process control chart for the study period. LCL = lower confidence limit; UCL = upper confidence limit; 3-sigma as defined as 39 the SD of the period.
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a relative reduction of 71.8%. The new rate was sustained 6 months after implementation of the FF (Figure 1) . Analysis of the education intervention using segmented regression analysis initially revealed a statistically significant decrease in the rate of solitary BC (p = 0.002). However, when we applied more stringent time variables to account for underlying timerelated trends, the reduction in solitary cultures from the education-only intervention did not reach statistical significance (p = 0.071; Table 4 ). However, the same analyses applied to the FF intervention produced statistically significant changes from the preceding periods (p < 0.0005), even when accounting for both background trends (outside of study interventions) and any residual effects of the education intervention (i.e., if the education intervention could have produced a similar change without the FF if given enough time). During the time frame of this study, there were no other quality improvement initiatives or changes in education regarding BCs in the ED.
DISCUSSION
This quality improvement project demonstrates that education sessions alone have relatively low impact when compared to a tailored, multimodal approach that incorporates a computerized FF in changing workflow behaviors regarding the collection of BCs in our ED. A previous study similarly showed a lack of efficacy of an education-based intervention in reducing solitary BCs. 9 This is consistent with human factors engineering theory and the relative effectiveness of different interventions; that is, educational strategies have limited effectiveness when used alone. 14, 15 The addition of a computerized FF in our project produced a dramatic and sustained improvement in the proportion of patients having solitary BCs sent to the laboratory. As healthcare becomes more reliant on electronic health records and CPOE, there is huge potential to introduce FFs to change processes and reduce variation. Even in a fast-paced and hectic environment like the ED, these interventions have been shown to be effective in producing the desired change. 16, 17 However, one must be cognizant of the potential for unexpected consequences when introducing these interventions, 18 such as workflow disruption, 11 erosion of communication, 19 decreased vigilance, 20 and decreased provider satisfaction. Prior to introducing the FF, we had considered some of these unintended consequences with aid of a framework described by Ash et al. 21 and monitored them during our study period. First, we considered the possibility of an increased overall BC rate. Factoring seasonal variation, there was no clear evidence that the rate was changed significantly with our interventions. Second, we were also concerned that with the requirement of an extra BC draw from a second site there could be an increase in the contamination rate due to multiple venipunctures (and increased chance for introduction of skin flora). [22] [23] [24] However, our rates of common contaminants did not increase during the study period (see Table 2 ).
We also considered the unintended increase in single-site sampling. With stickers for two sets of BCs printed simultaneously, there may be the temptation for some RNs to draw all four bottles from the same venipuncture site. In our electronic health record, there is no way to identify where the culture was drawn, with the exception of samples taken from an indwelling catheter, so we do not know if this practice increased as a result of our intervention. However, there is good literature that supports the practice of single-site sampling and some experts prefer it over the standard two sets from two sites. 6 Studies have demonstrated that the single-site sampling technique for BC acquisition reduces solitary BC rate, 25 improves sensitivity and specificity, 23, 26 and improves patient comfort by avoiding multiple venipunctures. From this literature, we feel confident that even if two sets of BCs were being drawn from the same site during our study, it would not have negatively impacted BC result generation and interpretation.
There was also a consideration that increasing the number of sets would increase overall costs, in terms of both increased RN workload and laboratory costs. In our institution, it costs approximately $28.50 USD per additional set of cultures analyzed. A U. S.-based study in 1991 showed that a false-positive BC result incurs an additional $4,385 USD, 27 which translates to $7,783 USD after adjusting for inflation, not considering more indirect costs such as the impact of the overuse of antimicrobials and increasing resistance. 28 Given this information, we calculate that if one false positive is prevented for every 273 patients cultured with two sets instead of a solitary set, it would be costneutral. False-positive rates have been described to be as high as half of all positive BCs; 5 therefore, we anticipate that reducing the solitary BC rate would easily be a cost-saving measure.
LIMITATIONS
The measured rates of solitary cultures vary from period to period (i.e., every 2-week period). This may be as a result of other confounding factors that cannot be controlled in a quasi-experimental setting (e.g., staff turnover, self-study in guidelines).
The limited scope of this project did not allow for full analysis of the possible unintended consequences of our interventions. Due to technologic limitations, we did not capture the site of puncture for each set of BC (other than when drawn from central lines). However, as discussed, this should not have negatively impacted outcomes.
Our primary focus was on a process measure (which has been identified as a key quality indicator) but we did not examine its effect on patient-centered outcomes (changes in antibiotic use, admission rates, and morbidity and mortality), provider-centered outcomes (impact to workflow, time spent on patient reassessment), and system-centered outcomes (ED flow, cost-benefit changes). These are issues we intend to explore on an ongoing basis.
CONCLUSION
Our quality improvement initiatives were successful in reducing the rate of solitary blood cultures by over 71% from baseline in our ED. The combination of a brief education-based intervention and a computerized forcing function is more effective than a comprehensive educational intervention alone in reducing solitary blood culture collection in the ED. Forcing functions can be a powerful tool in modifying behaviors and processes in the clinical setting without negatively affecting workload and processes if introduced judiciously.
